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Abstract

Human P450 2A6 displays a small active site that is well adapted for the oxidation of small planar
substrates. Mutagenesis of CYP2AG6 resulted in an increased catalytic efficiency for indole
biotransformation to pigments and conferred a capacity to oxidize substituted indoles (Wu, Z.-L.,
Podust, L.M. and Guengerich, F.P. (2005) J.Biol.Chem. 49, 41090-41100). Here, we describe the
structural basis that underlies the altered metabolic profile of three mutant enzymes, P450 2A6
N297Q, L240C/N297Q and N297Q/I1300V. The Asn297 substitution abolishes a potential hydrogen
bonding interaction with substrates in the active site, and replaces a structural water molecule between
the helix B'-C region and helix | while maintaining structural hydrogen bonding interactions. The
structures of the P450 2A6 N297Q/L240C and N297Q/1300V mutants provide clues as to how the
protein can adapt to fit the larger substituted indoles in the active site, and enable a comparison with
other P450 family 2 enzymes for which the residue at the equivalent position was seen to function
in isozyme specificity, structural integrity and protein flexibility.
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Introduction

Cytochrome P450 (CYP) enzymes are extremely versatile catalysts of diverse oxygenation
reactions [1]. Despite the wide range of structurally dissimilar compounds a given P450 can
metabolize, they exhibit remarkable stereo- and regio-specificity. Significant research efforts
have been directed toward elucidating the function of individual P450s in biosynthesis and
metabolism of drugs and other xenobiotics. Mutagenesis studies have often been designed to
identify residues critical for function and specificity or to increase the stability and activity of
specific P450s. In contrast, the use of modified P450s in biocatalysis and fine chemical
synthesis for drug discovery and the generation of commercial products is still in its infancy.

The xenobiotic metabolizing enzyme P450 2A6 is the principal human enzyme responsible for
nicotine detoxication and coumarin 7-hydroxylation. The latter biotransformation is considered
an isoform specific marker reaction for P450 2A6 in profiling new drug candidate interactions
with hepatic P450s [2]. P450 2A6 is expressed in the liver and participates extensively in the
metabolism of clinically prescribed medications such as fadrozole and losigamone [3]. In
addition to drug metabolism, P450 2A6 also plays a role in the activation of some prodrugs
such as tegafur [4], and in the activation of tobacco-specific carcinogens to mutagenic products
[5,6]. Like other human drug metabolizing P450s, there are a number of genetic polymorphisms
that alter metabolic activity and/or the expression of P450 2A6. The P450 2A6*5 allele, for
instance, encodes an unstable enzyme that lacks coumarin 7-hydroxylase activity, and displays
a G479L substitution [7]. A recent study in the Japanese population demonstrated that
individuals that had at least one defective CYP2AG6 allele, had a significant reduction in
tobacco-related lung cancer which was most pronounced in individuals who were homozygous
for the P450 2A6*4 deletion allele [8].

Structures of human P450 2A6 in complex with coumarin, methoxsalen [9] and synthetic
inhibitors [10] have been solved recently by our group. The P450 2A6 structure exhibits a
compact, hydrophobic substrate binding site, with one hydrogen bond donor, Asn297. The
identities of the residues that contact the ligand molecules are identical in the different P450
2A6 complex structures, and changes in the contacting amino acids are generally restricted to
slight rearrangements of phenylalanine 107 to maximize orthogonal aromatic interactions.
Nevertheless, the P450 2A6 4,4'-dipyridyl disulfide complex shows a more drastic
repositioning of Phe209 [10]. The structure of the active site cavity demonstrates that P450
2A6 is well adapted for the oxidation of small, planar substrates such as coumarin and indole.

In a cumulative approach using different mutagenesis methods (site-directed, staggered
extension process and error-prone PCR) Guengerich and co-workers found several mutants of
CYP2A6 with higher affinities towards indole and indole derivatives that produced a variety
of biologically active compounds [11,12]. A first generation of mutants yielded P450 2A6
N297Q, N297H and L240C/N297Q mutants that displayed an enhanced rate of oxidation of
indole to pigments such as indigo and indirubin, and a broader capacity to oxidize indole
derivatives [11]. Further mutagenesis, aimed to confer oxidation of larger substituted indoles
to the enzyme, which are not substrates for the wild-type or the P450 2A6 L240C/N297Q
double mutant, led to second generation mutants able to oxidize both 4- and 5-benzyloxyindoles
(BOls). Two substitutions, N297Q and 1300V, were identified as critical to achieve the
extended specificity [12]. The various substituted indigoids produced by these P450 2A6
mutants are of interest for the production of dyes, and also have potential as drugs, because
they show enhanced activities as potent inhibitors of at least two kinases, a cyclin-dependent
kinase (CDK5/p25) [13] and glycogen synthase kinase 3 (GSK3) [14].

Here, we describe the structures of the P450 2A6 N297Q, L240C/N297Q and N297Q/1300V
mutants, determined to a resolution of 1.95, 2.50 and 2.80 A, respectively. The mutations
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induce only minor conformational changes, which underlie the altered metabolic profile of
these mutant enzymes. The N297Q substitution alters substrate orienting and binding
interactions in the active site, and replaces a conserved, structural water molecule between the
helix B'-C region and helix | while maintaining hydrogen bonding interactions that stabilize
the conformation of the helix B’-C loop. The volume of the substrate binding cavity is slightly
extended in the P450 2A6 N297Q/1300V and provides clues as to how the protein can adapt
to fit the larger substituted indoles in the active site. The structural information contributes
significantly to our understanding of the altered or newly acquired specificities displayed by
the P450 2A6 mutants. Additionally, the structures of the P450 2A6 N297Q mutants enable a
comparison with other P450 family 2 enzymes for which the residue at the equivalent position
was seen to be important for isozyme specificity, structural integrity as well as protein
flexibility.

Material and Methods

Protein production and purification

The parent pPCW2A6dH expression vector used to produce protein for the crystallization of
wild-type P450 2A6 was described previously [9]. The pCW2A6 vector was designed to yield
a modified, conditionally soluble enzyme that retained catalytic activity, using approaches
employed previously for the crystallization of mammalian microsomal P450s 2C5 [15], 2C8
[16],2C9[17,18],2B4[19], 2D6 [20] and 3A4 [21,22]. Plasmid templates containing CYP2A6
cDNAs for the three mutants were kindly provided by F. Peter Guengerich, Vanderbilt
University, School of Medicine, and have been reported [11,12]. In order to construct the
expression plasmids used to produce protein for crystallization, restriction fragments were
isolated from CYP2A6 N297Q (Sphl-HindlIl), CYP2A6 L240C/N297Q (BsrGl-Sall) and
CYP2A6 N297Q/1300V (Sphl-HindlIlI) plasmids and ligated into the corresponding restriction
sites of the 2A6dH pCW expression vector. The resulting expression constructs were
sequenced to confirm the presence of the mutation(s) and the truncated N-terminus. The
modified enzymes, designated CYP2A6dH N297Q, CYP2A6dH L240C/N297Q and
CYP2A6dH N297Q/1300V, were expressed in Escherichia coli and purified with slight
modifications of the procedure described previously [9]. Protein preparations were stored in a
50 mM potassium phosphate (KPi) buffer (pH 7.4) containing 500 mM NacCl, 20% glycerol,
and 1 mM EDTA for protein crystallization.

Estimation of binding affinity of CYP2A6dH and mutants for indole

Dissociation constants for the binding of indole to purified CYP2A6dH and CYP2A6dH
mutants were determined by titration [23]. The conversion of P450 2A6dH and P450 2A6dH
mutants from a low spin to a high spin ferric heme protein upon the addition of indole was
monitored by visible difference spectroscopy. Purified proteins were diluted to concentrations
of 1to 1.5 uM using the storage buffer without glycerol. Spectra from 260 nm to 800 nm were
recorded at ambient temperature using a CARY 1E UV-visible spectrophotometer, following
each addition of indole dissolved in ethanol. The total concentration of ethanol remained under
1.2%. The absorbance changes at the peak (~384 nm) and trough (~418 nm) of computed
difference spectra were used to estimate a spectral dissociation constant and maximum spectral
change, using the program SlideWrite Plus, in which the data were fit to a one-site binding
hyperbolic equation using non-linear least-squares regression.

Protein crystallization and structure determination

All crystals were grown by sitting drop vapor diffusion in 2.5 pl drops equilibrated against 700
ul of well solution at 24°C. The P450 2A6 N297Q mutant yielded crystals when the protein
solution containing 312 pM CYP2A6dH N297Q, 0.58 mM ellipticine and 2% ANAPOE®-35
was combined with an equal volume of well solution composed of 30% polyethylene glycol
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(PEG) 3350, 100 mM Tris pH 8.5 and 200 mM ammonium sulfate. The P450 2A6 L240C/
N297Q data set was collected from a crystal prepared by mixing a protein solution containing
620 uM CYP2A6dH L240C/N297Q, 7.20 mM indole and 2% ANAPOE®-35 with an equal
volume of well solution. The well solution contained 30% PEG 3350, 100 mM Tris pH 8.5
and 200 mM ammonium sulfate. Crystals of P450 2A6 N297Q/1300V were grown by
combining equal volumes of protein solution containing 275 uM CYP2A6dH N297Q/1300V,
0.58 mM ellipticine and 2 % ANAPOE®-35 with the well solution composed of 35% PEG
MEM 5000 and 200 mM ammonium sulfate in a 100 mM Tris pH 8.5 buffer solution. All
substrates and detergents were purchased from Sigma (St. Louis, MO) and Anatrace (Maumee,
OH), respectively.

X-ray diffraction data were collected on single crystals cooled to 100 K at the Stanford
Synchrotron Radiation Laboratory (SSRL, Palo Alto, California) on beamline 11-1 for the
P450 2A6 N297Q structure, beamline 5-1 for the P450 2A6 L240C/N297Q structure and
beamline 9-1 for the P450 2A6 N297Q/1300V structure. Prior to harvesting, 2 ul cryoprotectant
solution was added to the sitting drop. Crystals were harvested and then flash-cooled to 100 K
in liquid N». The cryoprotectant solution was composed of well solution, storage buffer,
ethylene glycol and water, in a 5:1:5:9 ratio. Diffraction data were processed with HKL2000
and Scalepack [24]. Data collection and processing statistics for the three datasets are provided
in Table 1. Crystals of the three different P450 2A6 mutants belonged to space group P24, with
unit cell parameters that are highly isomorphous with the reported structure of wild-type P450
2A6 in complex with coumarin [9]. Hence, initial phasing information for the structures of the
three different P450 2A6 mutants could be obtained by isomorphous replacement, using the
P450 2A6 coumarin complex structure (PDB:1Z10) as a template, after omitting water
molecules, glycerol and coumarin. Models for the P450 2A6 N297Q and P450 2A6 L240C/
N297Q structures were refined against 1.95 A and 2.50 A resolution data respectively, using
multiple rounds of conjugant gradient least-squares minimization, torsion angle simulated
annealing and isotropic individual B-factor refinement using the program CNS [25].
Refinement of the P450 2A6 N297Q/I300V structure followed a similar approach, with the
exception that the moderate limiting resolution of the data (2.8 A) only allowed for isotropic
grouped B-factor refinement. Water molecules were added during the final stages of
refinement. Alternative cycles of editing and adjustment of the models into oa-weighted 2|
Fol-|Fd|, |Fo|-|Fc| and 2|Fo|-|Fc| composite omit maps were performed using the graphics
programs O [26] and Coot [27].

The final model of P450 2A6 N297Q exhibits an R value of 0.22 and an R¢ee Value of 0.24
with four molecules in the asymmetric unit. The model comprises residues 31-494, 32-495,
32-494, and 31-494 of chains A-D respectively, 648 water molecules and 4 ethylene glycol
molecules. An ethylene glycol molecule was defined by 2|Fo|-|Fc| oa weighted electron density
maps and found in the active site, above the distal surface of the heme prosthetic group of each
molecule in the asymmetric unit. The structure of P450 2A6 L240C/N297Q could be refined
to an R value of 0.21 and an R¢e Value of 0.26 and includes residues 30-494, 32-495, 31-494,
and 31-494 of chains A-D respectively, and 309 water molecules. Refinement of the P450 2A6
N297Q/1300V structure resulted in values of 0.22 and 0.29 for R and Ryee, respectively, and
comprises residues 31-494, 32-495, 31-494 and 31-494 of chains A-D respectively, and 91
water molecules. Residual electron density is apparent in the active sites of each protein
molecule in the asymmetric unit for both the P450 2A6 L240C/N297Q and the P450 2A6
N297Q/1300V structure. Nevertheless, the presence of ethylene glycol or water molecules was
not clearly defined, and hence, no solvent molecules were modelled. The final P450 2A6 mutant
models exhibit good stereochemical parameters, with all but one residue in the allowed regions
of the Ramachandran plot. Similar to the geometry of the reported P450 2A6 wild-type
structures [9,10], Phe42 of each molecule is situated in a disfavoured region in the
Ramachandran plot. Nevertheless, the position of Phe42 is unambigously defined in the
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electron density maps. Further refinement statistics for the three structures are provided in
Table 1.

Cavity Volume Calculations

Structures of the four molecules (A-D) in the asymmetric unit are highly similar, with small
differences uniquely located at surface regions connecting secondary structure elements such
as the linking regions between helices G’ and G, helices H and I, and helices K and K'.
Comparisons of P450 2A6 wild-type and mutant structures are based on molecule A of the
asymmetric unit. The wild-type P450 2A6 structure in complex with coumarin (PDB:1Z10)
[9] provides the reference structure. In that structure, Leu370 located in the active site is
seemingly not confined by substrate binding and is found in two alternative conformations (A
and B) in the A molecule. As the position of Leu370 in the three P450 2A6 mutant structures
corresponds to conformation A, conformation A of Leu370 was used for active site cavity
volume calculations. Volumes of the substrate binding cavities were calculated using a 1.4 A
probe and the probe-occupied volume routine using the program VOIDOO [28].

Ligand Docking

Results

Both 4- and 5-benzyloxyindole (BOI) were manually docked into the determined X-ray
structure of the P450 2A6 N297Q/1300V mutant. Initial positions of the substrates in the active
site cavity are based on the P450 2A6 coumarin complex and the sites of oxidation inferred
from the product profiles [12]. Subsequent energy minimization of the P450 2A6 N297Q/
1300V 4- and 5-BOI complexes employed CNS [25] using the model minimization routine.
An iron-oxo heme model was used in the minimization of the docked P450 2A6 N297Q/1300V
4- and 5-BOI complexes in order to better mimic the conditions for catalysis. An iron oxygen
distance of 1.65 A was modeled based on quantum mechanical calculations on the heme
Compound I structure, the active species of P450 enzymes [29]. Furthermore, aslightly lowered
sigma value (2.6 A) for the non-bonded repulsive energy-term of the oxygen was used, to allow
a proper approach of the ligands to the iron-oxo heme structure. The geometry of the minimized
structures was analyzed using Procheck.

Substrate binding affinities of truncated enzymes

The binding affinities of P450 2A6dH wild-type and the three mutant enzymes for indole were
determined by monitoring the conversion of the enzyme from the low spin to high spin state
spectroscopically (Table 2). P450 2A6 N297Q shows the tightest binding (Kq=14.4+1.1
uM), and the two P450 2A6 double mutants display a slightly decreased binding affinity for
indole. The wild-type enzyme exhibited a 3- to 6-fold increase in the apparent K for indole
binding when compared to the Ky values of the three P450 2A6 mutant enzymes. The estimated
Kg-value for the P450 2A6 L240C/N297Q mutant is similar to the value reported earlier for
the full-length L240C/N297Q mutant [12]. In general, the modifications to the termini of
CYP2A6dH mutants facilitated the crystallization without significantly altering indole
binding.

Structure of P450 2A6 N297Q

The tertiary structures of P450 2A6 wild-type and the P450 2A6 N297Q mutant are highly
homologous, with a root mean squared (rms) deviation of only 0.15 A for all equivalent C*
atoms. Furthermore, with the exception of residue 297, the side chain position of the residues
that constitute the substrate binding cavity are very similar, indicating that there are essentially
no conformational changes between both structures. The P450 2A6 N297Q protein was
crystallized in the presence of ellipticine. Ellipticine is reported to be a competitive inhibitor
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of human P450 2A6 with an estimated K; of 7 uM [30]. The absence of ellipticine in the P450
2A6 N297Q structure most probably results from the limited solubility of ellipticine, which is
not sufficient for complex formation under the high protein concentration conditions used for
crystallization. In contrast, the presence of one ethylene glycol molecule originating from the
cryoprotectant solution, and one water molecule in the P450 2A6 N297Q active site cavity was
well defined by ca-weighted 2|Fo|-|Fc|] composite omit electron density maps calculated for a
model that did not include these solvent molecules (Fig. 1A). The ethylene glycol atoms as
well as the water molecule that is coordinated to the heme iron reside in one plane, that is nearly
co-planar with the position of coumarin in the wild-type P450 2A6 coumarin complex structure.
The GIn297 side chain extends in the same orientation as the wild-type P450 2A6 Asn297 side
chain. The longer side chain of GIn297 resides in the space in a turn of the helix B’-C loop that
is normally occupied by a water molecule in the wild-type structure. The GIn297 O® atom
maintains a hydrogen bond donated by the main chain N atom of Val117 that is observed for
Asn297 0% in the wild-type protein. Additionally, the GIn297 N# atom forms a hydrogen bond
with the carbonyl O atom of Tyr114, which is hydrogen bonded to the water molecule in the
wild-type structure (Fig. 1B). Nevertheless, the hydrogen bonding interaction between the
backbone N atom of Phe117 and the water molecule is lost in the N297Q mutant. In its position,
the GIn297 N¢ atom is buried too deeply to provide a hydrogen-bonding interaction with
substrates such as coumarin, bound in the active site cavity. Mutation of asparagine to
glutamine at position 297 hardly changes the substrate binding cavity volume, from ~250 A3
as observed in the P450 2A6 coumarin complex [9] to ~265 A3,

Structure of P450 2A6 L240C/N297Q

P450 2A6 mutants obtained from random mutagenesis of substrate recognition subsites (SRS)
3 and 4 [31] displayed an altered catalytic efficiency for indole oxidation [11]. Additionally,
the P450 2A6 L240C/N297Q showed a significantly broader capacity to utilize indoles bearing
one or two small substituents such as halogens, methyl or methoxy groups among others
[12]. Curiously, the P450 2A6 wild-type structure [9] indicates a compact active site cavity in
which L240C does not directly contribute. The latter structure superimposes very well on the
P450 2A6 L240C/N297Q mutant structure, with an rms deviation of 0.20 A for the equivalent
C% atoms. Not surprisingly, in the P450 2A6 L240C/N297Q structure, Cys240 is not part of
the substrate binding cavity residues, and is found on the surface of helix G. Whereas the
cysteine for leucine mutation at position 240 does not introduce changes in the protein
backbone, the L240C mutation does evoke a conformational change of the 11e208 side chain
on helix F (Fig. 1C) reflecting the additional space available with the smaller cysteine side
chain. A slight repositioning of the Phe107, Phell11 and Phe118 side chains that line the roof
of the active site cavity is also evident (Fig. 1C). GIn297 is found in exactly the same position
and is involved in identical contacts as described for the P450 2A6 N297Q mutant structure.
The volume (~245 A3) of the substrate binding cavity of the P450 2A6 L240C/N297Q structure
is nearly unaffected by both mutations. The apparent binding affinity (Ky) of P450 2A6 L240C/
N297Q for indole was estimated to be 0.022 mM (Table 2). Nevertheless, the addition of indole
to the crystallization setup did not result in the presence of indole in the P450 2A6 L240C/
N297Q crystal.

Structure of P450 2A6 N297Q/1300V

The N297Q and 1300V mutations were seen to be critical in gaining activity for the
hydroxylation of bulky, substituted indoles such as 4- and 5-BOI, by human P450 2A6 [12].
The active site cavity volume in the P450 2A6 N297Q/1300V mutant is indeed increased to
~310 A3. The tertiary structures of the P450 2A6 wild-type [9] and the P450 2A6 N297Q/
1300V mutant are still very similar, with an rms deviation of 0.30 A for all equivalent C* atoms.
The contacts and position of GIn297 are the same as described above for the P450 2A6 N297Q
mutant. The 1300V mutation results in an extension of the distal end of the active site cavity
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by opening the space between Phe111 and the side chain of residue 300, reflecting the absence
of the C® atom of 11e300. The shortest spanning distance between helix B’ and helix | at the
roof of the cavity is lengthened from 4.43 A (distance between Phe111 Ct and 11e300 C9) to
6.06 A (Phe111 C%and Val300 CY). Concomitantly, the side chains of Phe107 and Phe118 are
repositioned slightly. Similar to the P450 2A6 N297Q mutant, crystallization of the P450 2A6
N297Q/1300V protein in the presence of ellipticine did not result in complex formation.

Substrate docking and minimization of P450 2A6 N297Q/I300V

Structures of P450 2A6 in complex with coumarin, methoxsalen and several inhibitors [9,10]
indicate that the positions of the ligands are constrained to be co-planar by the narrow P450
2A6 substrate binding cavity. Detailed characterization of products and intermediates of 4- and
5-BOI oxidation by the P450 2A6 N297Q/1300V mutant has been reported [12]. Structures
and numbering of 4- and 5-BOlI are illustrated in Figure 2. Oxidation of 5-BOI mainly resulted
in the production of 5,5’-BOl-indirubin (Fig. 2), indicating indole oxidation in positions 2 or
3. In contrast, 4-BOI oxidation by the P450 2A6 N297Q/1300V mutant primarily resulted in a
non-indigo blue pigment in which a pyrrole ring and a benzene ring are connected (Fig. 2),
demonstrating oxidation of both the pyrrole and benzene moieties of indole [12]. Therefore,
starting positions for docking of 5-BOI were compatible with indole 2 or 3 hydroxylation, and
4-BOI was initially modelled according to indole hydroxylation at positions 2 or 7. In all cases
the starting positions of the substituted indoles in the P450 2A6 N297Q/I1300V active site,
following the planarity revealed by the P450 2A6 complex structures, could be achieved
without steric clashes.

Minimization of non-bonded interaction energies of P450 2A6 N297Q/1300V with 4- or 5-BOI
docked in the active site does not interfere with the good geometry displayed by the crystal
structure, and yields reasonable protein-ligand interaction distances. Overall the
conformational changes are minor and restricted to contacting residues that change side chain
dihedral angles in order to accommodate the ligand molecule, without introducing further
rearrangements in regions that are not part of the active site cavity. In the P450 2A6 coumarin
complex structure, 8 active site residues are positioned within a 4 A radius around the substrate
[9]. The number of contacting residues increases to 10 and 11 in energy-minimized structures
of the P450 2A6 4-BOI and P450 2A6 5-BOI complexes, respectively, to include 11208 and
Leu296 (4-BOI), and Leu244 (5-BOI). The substrates in the minimized complex structures
reside in positions compatible with regio-specific oxidation. The closest distances to the iron-
oxo heme structure are in the range 3.4 to 3.7 A. The minimal conformational perturbations in
the minimized structures of the P450 2A6 N297Q/1300V 5-BOI complexes result in a
significant extension of the substrate binding cavity along helix I. The distance between Phell1l
CCand Val300 CY is lengthened by only 0.57 A to 6.63 A to accommodate 5-BOI in both
docked positions. These conformational changes increase the active site cavity volume to
~380 A3 by expanding the hydrophobic roof of the active site cavity to also include 11208,
Leu244 and Leu296 (Fig. 1E). The structure of 4-BOl is slightly more condensed than the 5-
BOI structure. The longest intramolecular distance in 4-BOI is 8.84 A versus 10.52 A in 5-
BOI. Therefore, the conformational changes to the P450 2A6 N297Q/1300V structure required
to fit 4-BOI in the two docked positions, are highly similar but somewhat less pronounced than
the ones described for 5-BOI. The Phe111 CS and Val300 CY distance is 6.49 A, and the
substrate binding cavity volume is extended to ~370 A3 The more compact shape and structure
of 4-BOlI allows the indole to bind in a position compatible with oxidation of the benzene ring
at position 7, an orientation that can not be achieved for 5-BOI (Fig. 1E).
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Discussion

We have determined crystal structures of the human P450 2A6 N297Q, L240C/N297Q and
N297Q/I1300V mutants. These three P450 2A6 mutants originated from biased random
mutagenesis libraries and were selected on the basis of differences in their abilities to produce
colored pigments from indole and substituted indoles [11,12]. The structures of the three P450
2A6 mutants display a compact, hydrophobic active site cavity, and superimpose very well on
structures of wild-type human P450 2A6 in complex with substrate and inhibitors [9,10]. In
these complex structures, only two polar residues were observed in the active site, Asn297 and
Thr305. N® from the Asn297 side chain can serve as hydrogen bond donor to polar substrates
such as coumarin or methoxsalen [9]. The O% atom of the Asn297 side chain is positioned to
accept hydrogen bonds from the backbone N atom of Val117 and a conserved water molecule
normally found stabilizing the turn following helix B’ (Fig. 1B). The water molecule can accept
a hydrogen bond from the peptide N of Phe118 and donate a hydrogen bond to the backbone
carbonyl of Tyr114. The longer side chain of glutamine displaces the water molecule in the
structures of the three mutants. The N atom of GIn297 is positioned to donate a hydrogen bond
to the carbonyl oxygen of Tyrl14, and O? of GIn297 can accept a hydrogen bond from the
main chain N atom of VVal117. Thus, the displacement of the water molecule results in the loss
of a hydrogen bond acceptor for the amide nitrogen of Phe118. In contrast to the hypothesis
that an N297Q mutation might introduce a new hydrogen bond with an O atom in substrates
such as 4- and 5-BOl, raised by Wu et al [12], the GIn297 side chain in the structures of the
three P450 2A6 mutants is too buried to directly donate a hydrogen bond to a ligand bound in
the substrate binding cavity (Fig. 1B). Thus, the implications of the N297Q mutation are two-
fold, in that a substrate binding and orienting interaction in the active site cavity is lost, and
the protein folding interactions between the helix B'-C region and helix | are slightly altered.
The loss of the H-bonding capacity in the substrate binding cavity is likely to be the most
important influence on the increase in K, and the decrease in k¢4 that was observed for
coumarin 7-hydroxylation upon mutation of Asn297 in P450 2A6 [11]. In contrast, indole is
not a hydrogen bond acceptor, and the apparent binding affinity for indole is increased in the
mutants.

The presence of the two mutations in the P450 2A6 L240C/N297Q double mutant does not
result in a significant increase in binding affinity for indole (Table 2) but the double mutant
shows a 2-3 fold enhanced catalytic efficiency for the oxidation of indole when compared to
the N297Q mutant [12]. It was also reported that pigment production was evident for a much
larger number of indole derivatives in E. coli expressing P450 2A6 L240C/N297Q when
compared to the number observed for E. coli expressing either of the single mutants P450 2A6
L240C and N297Q [11]. The structure of the P450 2A6 L240C/N297Q mutant displays only
minimal conformational changes with the wild-type structure. Nevertheless, the introduction
of the smaller cysteine side chain allows the 11e208 side chain to adopt an alternate
conformation and a repositioning of Phe107, Phe209 and Phe480. Conformational changes in
this region were observed in the minimized structures of the P450 2A6 N297Q/1300V 5-BOI
complex. Additionally, it is interesting to note that the residues affected by the L240C mutation
(11e208, Phel107, Phell11, Phel18 and Phe209) all reside in the major substrate entry and exit
pathway that was identified using steered molecular dynamics simulations [32,33] with
mammalian P450 family 2 enzymes. This pathway is located between the helix B'-C region
and helices F/G and | [33]. This suggests that the reduction in size of the residue 240 may
increase the flexibility of the roof of the active site facilitating the oxidation of a wider variety
of substituted indoles of modestly increased sizes.

The ability to oxidize bulky, substituted indoles such as 4-and 5-BOI, was first observed for
the P450 2A6 1140M/L240C/N297Q/1300V/1366V mutant, constructed using error-prone PCR
using P450 2A6 L240C/N297Q as a template. The mutations N297Q and 1300V were then
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identified as critical in gaining the hydroxylation activity for 4- and 5-BOI [12]. Predicted,
minimized structures of P450 2A6 N297Q/1300V in complex with 4- or 5-BOl illustrate that
only slight substrate-induced adjustments to the enzyme active site are required to
accommodate the substituted indoles. Similar slight rearrangements to the P450 2A6 active
site were observed in structures of complexes with three 3-pyridyl heteroaromatic analogues
of nicotine and a more drastic induced fit was seen in the structure of the P450 2A6 4,4'-
dipyridyl disulfide complex in which Phe209 swings ~ 3 A away from the active site [10].
Nevertheless, these inhibitors coordinate to the heme iron, bind with submicromolar affinity
and do not require an increase in active site volume, whereas 4- and 5-BOI binding affinity
primarily stems from Van der Waals and orthogonal aromatic interactions, and does require a
significant increase in substrate binding cavity volume. These findings are most probably the
origin of the relatively low catalytic efficiency and the multiplicity of the products observed
in the biotransformation of 4- and 5-BOI by the P450 2A6 N279Q/I300V mutant. Thus, the
extended functionality displayed by this P450 2A6 double mutant compromises the binding
affinity and stereospecificity.

Despite evidence presented here that glutamine at position 297 is easily accommodated in the
structure of P450 2A6, a blast search of the protein sequence database at NCBI did not detect
the presence of a glutamine in family 2 P450s for the equivalent position. For P450 subfamilies
2A and 2F, an asparagine is highly conserved at this position, whereas an aspartic acid is
generally found for subfamilies 2C, 2D, 2E and 2J. The presence of an aspartic acid could
change the nature of substrate interactions due to its capacity to function as a hydrogen bond
donor or acceptor, depending on its ionization state. The structures of P450 subfamily 2C
enzymes (PDBs: 1DT6, 1PQ2 and 1R90) indicate that the aspartate residue supports a similar
pattern of hydrogen bonding with the helix B’-C loop and with a structural water that is
conserved in these structures. Interestingly, a longer residue glutamic acid is found in P450
2R1, a vitamin D3 25-hydroxylase. In the P450 2R1 structure (PDB:20JD), the glutamic acid
residue occupies a position similar to that of glutamine in the structures of the P450 2A6 N297Q
mutants. In contrast to the latter structures, the conserved water molecule is present in P450
2R1 and the helix B’-C loop has moved away from helix I. The extra space thus created
contributes to the active site volume and the P450 2R1 structure in complex with vitamin D3
(PDB:20JD) demonstrates binding of the substrate in a substrate binding cavity that extends
above the apolar part of the glutamate side chain.

The high degree of conservation within P450 family 2 subfamilies for residues that correspond
to Asn297 of P450 2A6 most probably reflects a critical role of this residue in function and
tertiary structure. The folding of the helix B'-C loop plays a key role in substrate recognition
by positioning residues corresponding to Phel117, Val 116 and helix B’ residues in the active
site cavities of family 2 P450s. In some cases, as described for P450s 2R1 and 2A6 the residue
corresponding to Asn297 may be directly involved in substrate interactions, while in others
such as P450 2B4, larger residues hinder access to this position. Like most P450 subfamily 2B
enzymes, P450 2B4 displays a serine at the equivalent position for Asn297 in P450 2A6. Access
to Ser294 in P450 2B4 is restricted by Phe297, and thus Ser294 is not in an optimal position
to form direct hydrogen bond interactions with a ligand. The Ser294 side chain is involved in
identical hydrogen bonding to the conserved structural water molecule, as described above for
the Asn297 side chain in P450 2A6, but does not provide a hydrogen bond acceptor for the
hydrogen of the backbone N of the residues corresponding to VVal117 of P450 2A6. The network
of interactions around Ser294 is believed to contribute in the stabilization of the closed
conformation of P450 2B4, and is completely abolished in the structure of an open
conformation of the enzyme [34]. Together with helices F-G and the p-sheet 4, both the helix
B’-C region and the N-terminal part of helix | are the regions that differ most dramatically
between the structures of the open and closed conformation of P450 2B4. Studies of P450 2B
Ser294 mutant enzymes [32,35,36] invariably showed profound effects on catalytic
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efficiencies and binding affinities for P450 2B substrates. The S294A mutation in P450 2B1
abolishes the 16p-hydroxytestosterone activity, and also shows a significant reduction of Kgy
for the oxidation of 7-ethoxy-4-trifluoromethylcoumarin, 7-benzyloxyresorufin [32], and
several hydroxylated 7-butoxycoumarins [36]. Mutation of P450 2D6 residue Asp301, which
corresponds with Asn297 in P450 2A6, to a basic residue was reported to interfere with proper
heme binding and overall folding of the protein. Neutral residues at position 301 in P450 2D6
yielded mutant enzymes with a decreased catalytic activity [37,38]. Finally, mutation of the
equivalent residue Asp293 in P450 2C9 to either aspargine or valine led to large decreases in
catalytic function and substantial reductions in thermal stability relative to wild-type P450 2C9
[39]. Taken together, the P450 2A6 N297Q mutation results in the loss of a potential hydrogen
bond donor in the substrate binding cavity, and a loss of a structurally conserved water molecule
to alter secondary structure folding interactions between the helix B’-C region and helix I, that
may contribute to the observed lower catalytic activities towards P450 2A6 substrates such as
coumarin and that could result in enhanced protein flexibility.

In conclusion, the availability of crystal structures of the P450 2A6 N279Q, L240C/N297Q
and N297Q/1300V mutants provides a structural explanation for the altered specificities
displayed by the modified enzymes. Substitution of Asn297 in the active site abolishes a
binding and orienting interaction for substrates such as coumarin, but the binding affinity of
less polar substrates such as indole is only slightly altered. At the same time, the N297Q
mutation displaces a conserved water molecule that provides interactions connecting secondary
structure elements that shape the hydrophobic, compact P450 2A6 active site. Minimized
structures of the P450 2A6 N297Q/I1300V 4- and 5- BOI complexes illustrate how mutations
such as 1300V, might provide an extension in active site cavity volume that enables binding
and oxidation of more bulky substrates. The L240C mutation demonstrates that a mutation in
a region distant from the active site can indirectly change the composition and conformation
of residues that line the active site cavity and possibly influence catalytic efficiency by
enhancing substrate entry and product egress. Iterative rounds of mutagenesis on proteins
displaying new or altered catalytic specificities, coupled with structure determination of
promising enzymes can be a very powerful strategy for the in-depth study of P450 structure-
function relationships, and can be further exploited in the engineering of modified P450s for
biocatalysis and fine chemical synthesis. The structures described in this report could be used
to design a better complementarity between the ‘new’ substrates and the shape and chemical
properties of the substrate binding cavity, and lead to new mixtures of dyes, or kinase inhibitors
with enhanced activity. Given the profound effect of Asn297 substitution, it would be
interesting to investigate further mutations at this position, solely and in combination with the
residues 240 and 300, described with this study. The amino acids serine or aspartic acid, seen
at this position for other family 2 P450s, could be good candidates because they maintain the
potential to provide a hydrogen-bonding interaction and may result in a similar water-bridged
contact between the helix B’-C region and helix I.
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EDTA ethylenediaminetetraacetic acid
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Fo observed structure factor
Fc calculated structure factor
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Figure 1.

A. Detailed view of the P450 2A6 N297Q active site cavity. The position of the heme prosthetic
group, ethylene glycol and a water molecule are defined by ca-weighted 2|Fo|-|F¢| electron
density maps contoured at 1o (blue mesh). The amino acid residues constituting the active site
cavity are depicted in sticks, with portions of the protein backbone represented as a cartoon.
Ethylene glycol and the heme prosthetic group are shown in sticks, with carbon atoms colored
yellow and pink, respectively. Oxygen, nitrogen and iron are colored red, blue and orange, and
a water molecule is represented as a red sphere. B. Comparison of the interaction between the
helix | residue at position 297 and the B'-C region for P450 2A6 wild-type (left panel) and the
P450 2A6 N297Q mutant. Residues constituting the B’-C region are shown in sticks. For clarity,
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only the backbone atoms of Val116 and Phe118 are depicted. Atom color code is the same as
in panel A, with sulfur colored yellow. Dashed lines indicate hydrogen bonds. C. Detailed view
on the L240C mutation in the structure of the P450 2A6 L240C/N297Q mutant (marine),
overlayed with the same portions of the P450 2A6 wild-type structure (white). The L240C
mutation does evoke a conformational change of the 11e208 side chain on helix F and a slight
repositioning of the Phe107, Phe111, Phe118, Phe209 and Phe480 side chains that line the roof
of the active site cavity is also evident. D. Comparison between the active site cavity volume
(blue mesh) of the P450 2A6 wild-type structure (white, left panel) and the P450 2A6 N297Q/
1300V mutant crystal structure (green, right panel). The amino acid residues constituting the
active site cavity are depicted in sticks, with portions of the protein backbone represented as a
cartoon. For clarity, part of the B’-C region with Phe118 is not displayed. The active site cavity
isextended in the P450 2A6 N297Q/1300V mutant structure to include residues 11e208, Leu241,
Leu244 and Leu296 at the roof of the cavity. Heme color code is the same as in panel A. E.
Overlays of the crystal structure of the P450 2A6 N297Q/1300V mutant (green sticks) and the
P450 2A6 N297Q/1300V energy-minimized structures (beige sticks) in which 4-BOI and 5-
BOI were docked in positions compatible with 2-(left panel), 7- (middle panel) and 2-oxidation
(right panel), respectively. The iron-oxo heme model used in the minimization is depicted as
a dumbbell. Substrate contacting residues within 4 A of 4-BOI or 5-BOlI are displayed.
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Figure 2.

Structure and numbering of 5-Benzyloxyindole (A), 4-Benzyloxyindole (B) and two examples
of pigments derived from them [12], 5,5'-BOl-indirubin (C) and 4-Benzyloxy-2-(4'-
Benzyloxy-1',7'-dihydro-7'-0x0-6'H-indol-6'-ylidene)indolin-3-one (D).
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Table 1

Data collection and refinement statistics.
Human P450 2A6 construct N297Q L240C/N297Q N297Q/1300V
PDB code 2PG5 2PG6 2PG7

Data collection

Space group P2, P2, P2,
Used wavelength (A 0.98 0.98 0.98

Resolution limit (A)
Cell parameters
a, b, c(A)
BC)
X-ray source
Total observations
Unique reflections
Completeness of all data (%)1
Mean | /o
Reym ~Value (%)"2
Refinement
Resolution range (A)
Reflections used
Reflections used in Ry, Set

Rcryst{ Rfree3

Protein atoms

Solvent atoms

Heme atoms

Ethylene glycol atoms

R.m.s. deviation
Bond angles (°)
Bond lengths (A)

1.95 (2.02 - 1.95)

70.85, 157.97, 103.74
92.23

BL11-1 SSRL
573507

163342 (15732)

99.2 (95.5)

28.1(2.5)

8.9 (38.3)

35.0-1.95
163265
8012
0.215/0.239

15014
648
172
16

13
0.007

2.50 (2.59 - 2.50)

70.70, 158.25, 103.76
92.09

BL 1-5 SSRL
221269

70956 (6642)

94.0 (88.3)

16.8 (3.4)

9.6 (23.8)

40.0-2.53
70898

3604
0.209/0.261

15019
309
172

0

13
0.008

2.80 (2.87 - 2.80)

70.89, 159.39, 104.10
91.92

BL 9-1 SSRL
268802

56574 (4147)

99.6 (99.4)

45(12)

13.0 (63.0)

40.0-2.80
56547

2827
0.235/0.289

15014
91
172

0

14
0.009

1 . - . . .
Values in parentheses indicate data in the highest resolution shell.

2Rsym =ZhIj | <I(h)> - I(h)jl / ZhZj<I(h)>, where I(h) is the intensity of an individual reflection and <I(h)> is the mean intensity of that reflection.

3 .
Reryst or Rfree = Z| |Fol - [Fcl | / Z|Fol, where Fg and Fc are the observed and calculated structure factors, respectively.

4R.m.s. deviations relate to the Engh and Huber parameters [40].

Arch Biochem Biophys. Author manuscript; available in PMC 2009 November 5.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Sansen et al.

Table 2
Binding affinities of wild-type P450 2A6 and mutants for indole.
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P450 2A6 construct Ky (vl Ae maxt (mMlem™d)
Wild-type P450 2A6 81.2£137 548406
P450 2A6 N297Q 144+1.1 58.3+2.8
P450 2A6 L240C/N297Q 228+ 3.6 59.0+5.4
P450 2A6 N297Q/1300V 17.7+1.8 52.7+2.3

1 I
Mean and standard errors are shown for at least three titrations for each enzyme
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